A bstract. Time-sequence analyses of carbohydrate breakdown in germinating rice seeds shows that a rapid breakdown of starch reserve in endosperm starts after about 4 days of germination. Although the major soluble carbohydrate in the dry seed is sucrose, a marked increase in the production of glucose and maltooligosaccharides accompanies the breakdown of starch. Maltotriose was found to constitute the greatest portion of the oligosaccharides throughout the germination stage. a-Amylase activities were found to parallel the pattern of starch breakdown. Assays for phosphorylase activity showed that this enzyme may account for much smaller amounts of starch breakdown per grain, as compared to the amounts hydrolyzed by ay-amylase. There was a transient decline in the content of sucrose in the initiall 4 days of seed germination, followed by the gradual increase in later germination stages. During the entire germination stage, sucrose synthetase activity was not detected in the endosperm, although appreciable enzyme activity was present in the growing shoot tissues as well as in the frozen rice seeds harvested at the mid-milky stage. We propose the predominant formation of glucose from starch reserves in the endosperm by the taction of a-amylase and aocompanying hydrolytic enzyme(s) and that this sugar is eventually mobilized to the growing tissues, shoots or roots.
mechanism of carbohydrate metabolism in fatty seeds with particular emphasis on the fat-carbohydrate conversion and its control (3) . There have been many classical works on the breakdown of reserve polysaccharides in starch-bearing cereal seeds (10) . It is generally accepted that the amylolytic breakdown of starch may account for the major metabolism of carbohydrate in the endosperm tissues of these plants (1, 20, 21) . A rapid increase in the a-amylase activities in the endosperm of germinating barley seeds was observed many years ago, and currelnt biochemical studies have demonstrated the mechanism of the gibberellic acid-induced synthesis of a-amvlase in the aleurone layers of cereal grains, resulting in the hydrolysis of the starch reserve in the endosperm tissues (7, 16, 17, (23) (24) (25) . Germinating rice seeds are suitable material for investigating the enzymic mechanism of carbohydrate breakdown in starchbearing tissues. This study is concerned witlh the mechanism of starch breakdown in rice endosperm. using both chemical and enzymic analyses. The significance of the data is discussed in ternms of the physiology of germinating rice seeds.
Materials and Methods
Rice Seed Geriaiziitionz. Seeds of the rice plailt, Oryzae satiza L. var. Fujiminori, were soaked in a disinfectant solution (0.1 % Takeda-Mer, Takeda Pharmaseutical Co. Ltd ) for 1 hr at room temperature. After thoroughly rinsing the seeds in running water, they were sowed on a wet filter paper placed in a deep Petri dish (d = 20 cm). The seeds were then germinated in a temperature-controlled chamber (300) in the dark. In order to avoid fungus infection during germination, all seeds in one dish were used for a single analysis. For the gibberellic acid (GA) treatment, rice seeds were soaked in GA (1 ,ug/l) solution (Kyowa Hakko Co. Ltd.), and germinated as described above, except filter paper in a Petri dish was wet with GA of a concn. of 1 yg/l. (12) . An aliquot was simultaneously used for determining the content of total soluble sugars by the phenol-H2SO4 method (9) . Both sucrose and fructose were assayed by the resorcinol method (18 (18) .
Paper Chromatographic Analysis of Sugar Components. Ten g of rice seed endosperm devoid of shoots and roots were ground with 20 ml of 95 % ethanol and boiled in a water bath for 20 min. The extracts were clarified by centrifugation. Ten ,ul aliquots of the supernatant were applied to paper chromatographs which were developed in a descending manner for 40 hr, with 1-butanol:pyridine:H2O (6:4:3, v/v) The sugars were located by the reagent used by Trevelyan et al. (22 figure 2 . The major soluble sugar component of the dry seed is sucrose, and a very small amount of glucose is detectable. As germination proceeds, there is an accumulation of glucose and fructose; during later stages, the accumulation of glucose becomes more marked. Maltose-series oligosaccharides, emerging just after sucrose, also showed a gradual increase from 6 to 12 days of germination.
The changes in the amounts of the individual sugar components, sucrose, glucose, fructose, and maltooligosaccharides (mg/10 grains) during germination, are presented in figure 3 . The content of the total soluble carbohydrate determined bv the phenol-H9SO4 method is also given in the figure. 
Discussion
Questions have been raised about the in zivo role of amylases in germinating plants (1) . The present data obtained from both analytical and enzvmic studies point to the predominant contribution of a-amylase in the carbohydrate metabolism in the endosperm of rice seeds. Our basic findings are essentiallv in accord with the recent concept on the inducible formation of a-amvlase in cereal grains at the onset of germination (23) (24) (25) 27) . Although the exogeneous addition of GA did not cause anv noticeable change in the pattern of carbohvdrate breakdown, it is highly probable that the synthesis of a-amylase in the aleurone layers of rice seeds induced by the hormone is analogous to other cereal seeds. The lack of response may uot he too surprising since the in vzio supply of the hormiiolne in rice seeds may have been sufficient to induce the synthesis of a-amylase.
The plhosphorolytic breakdow-n of reserve starcl has often been thought to be an important mechanism of carbohydrate breakdown in germlinating seeds (1, 20, 21 ) . Ihis notion has been derived basically fromii anl analogy to the carbohydrate metabolism in animiial tissues (11) from rice endosperm, (B) the presence of a highlx' active invertase in the tissue, and (C) an uiiikInowvn route of sucrose synthesis, not involving UDP-glucose. Another possible interpretationl of our analytical data would be that glucose is the major form of sugar translocated from endosperm to other growing organs. The morphological unit of septum existing between endosperm and embrvonic tissues (shoots or roots) is scutellum, and it is conceivable that glucose from the endosperm is converted into sucrose in that organ and that transport to the root and shoot is in the form of sucrose.
